A facile, reliable, fast-response poly(3-hexylthiophene-2,5-diyl) (P3HT)-based humidity sensor was developed by introducing metal-organic frameworks (MOFs), HKUST-1, into the semiconducting layer.
Introduction
Organic electronics have attracted considerable interest in recent decades as the demand for portable and low-cost electronic devices has increased. [1] [2] [3] [4] [5] Organic thin-lm transistors (OTFTs) have been investigated for various applications, including radio-frequency identication tags, display backplanes, smart cards, and sensors. [6] [7] [8] OTFTs are regarded as an ideal exible platform for creating portable, lightweight, and robust devices. A variety of signal transduction devices have been explored for use in monitoring changes in the capacitance, resistance, and impedance of organic or inorganic materials, and OTFT platforms continue to show promise in exible sensor technologies. [9] [10] [11] [12] [13] OTFTs are sensitive to physical and chemical stimuli because small interactions between a semiconductor and a target analyte amplify the electrical signal of a transistor device via the eld-effect mobility, drain current, and threshold voltage. [14] [15] [16] [17] Note that analytes diffuse into the bulk of the semiconductor or insulator layer and nally arrive at the interface between the semiconductor and the gate dielectric layer. 2, 18, 19 These analytes signicantly affect the charge carriers near the interface and alter the drain current or threshold voltage. Effective delivery of analyte molecules to the gate dielectric interface plays an important role in improving the sensing abilities of the OTFT device.
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Organic transistors inevitably suffer from poor stability and electrical properties, resulting in the slow response and recovery of the sensor device. 10, 21, 22 We attempted to address this issue by developing an OTFT-based humidity sensor, in which a humidity-capturing material was inserted into the polymeric semiconductor ( Fig. 1) . Metal-organic frameworks (MOFs) are rapidly emerging as an organic/inorganic hybrid porous material that can easily self-assemble through an organic linker and a metal ion cluster. [23] [24] [25] In addition to providing an excellent porosity compared to other porous materials, such as zeolites and carbon materials, the large surface area, tunable pore size, and functional diversity of MOFs lends these materials utility in gas storage, gas separation, catalysis, and sensing applications. [26] [27] [28] [29] In this study, we developed a OTFT-based sensor by fabricating a hybrid lm blend comprising a conjugated polymer and MOFs. Among the various types of MOFs tested, the wateradsorbing HKUST-1 (Cu 3 (BTC) 2 , BTC ¼ 1,3,5-benzenetricarboxylate) was selected as a suitable material for humidity sensing due to its excellent water adsorption and promising utility in molecular sensing. 30, 31 As shown in Fig. 1a , a HKUST-1/ poly(3-hexylthiophene-2,5-diyl) (P3HT) hybrid lm coating was applied, used as a semiconducting layer, and then exposed to a humid environment to monitor its sensing characteristics. A schematic diagram of the crystal structure of HKUST-1 is presented in Fig. 1b . The I-V characteristic behavior indicated that the gas capture properties of HKUST-1 readily delivered gas molecules to the channel region, thereby enhancing the sensing properties of the device. The quantity of HKUST-1 incorporated into the P3HT solution was varied and the location of HKUST-1 was controlled by tuning the surface energy of the substrate to induce effective current variation in the device. The hybrid humidity sensor fabricated using the HKUST-1/P3HT hybrid lm displayed fast response and recovery times and a reliable stable performance toward detecting changes in the humidity levels. The present study successfully deployed MOFs in organic electronics, effectively controlling the distribution of MOFs in the active layer and altering the electrical properties. This strategy could potentially be useful in OTFT gas sensors beyond humidity sensors by using a variety of MOFs.
Experimental section
Hybrid lm and device fabrication Poly(3-hexylthiophene-2,5-diyl) (P3HT, regioregularity ¼ 91-94%, M w ¼ 28 kDa) was purchased from Rieke Metals Inc. A 10 mg sample of P3HT and various amounts of HKUST-1 (1, 2, 3, and 5 mg) were blended in 1 mL tetrahydrofuran (THF, 99.8%). To achieve an effective dispersion, each material was combined aer stirring for 30 min at 45 C. The mixture was sonicated at 45 C for 1 h and stirred at 45 C for 4 h. The solution was spincoated at 2000 rpm for 60 s (Spin-1200D, Midas) onto heavily doped n-type silicon (Si) wafers covered with a 300 nm thick silicon dioxide (SiO 2 ) layer. The surfaces of the SiO 2 /Si substrate were modied to control the surface energies using a selfassembled monolayer. The OH substrate was prepared by washing a Si wafer using the piranha solution (2 : 1 mixture of 98% sulfuric acid and 35% hydrogen peroxide) for 30 min at 70 C and was rinsed several times using deionized water.
Hexamethyldisilazane (HMDS, Sigma-Aldrich, Inc.) was spincoated onto a cleaned Si wafer at 3000 rpm for 30 s and dried overnight in a vacuum oven. Octadecyltrichlorosilane (ODTS, Sigma-Aldrich, Inc.) was coated onto a cleaned SiO 2 /Si substrate by dipping in toluene for 1.5 h. The top contact device was formed by evaporating gold source/drain electrodes onto the spin-coated HKUST-1/P3HT lm using a shadow mask (channel length ¼ 100 mm, channel width ¼ 2000 mm). In order to prevent the water or solvent molecules occupying the pores of HKUST-1 during the device fabrication process, samples were kept in a high vacuum for 6 h. For the UV-Vis adsorption analysis, identical HKUST-1/P3HT lms were prepared onto the glass substrate with the same surface treatments.
Characterization
The molecular structure of the synthesized HKUST-1 was characterized by X-ray diffraction (Rigaku smart lab) with Cu Ka radiation. N 2 adsorption/desorption isotherms of HKUST-1 were obtained from Quantachrome Instruments (Boynton Beach, FL) using the Autosorb-iQ Win soware package, and the specic surface areas were calculated in the linear range using the Brunauer-Emmett-Teller model. Pore size distribution of the HKUST-1 was obtained from N 2 isotherm with the nonlocal density functional theory (NLDFT) method. The HKUST-1 particle size was characterized using eld-emission scanning electron microscopy (JEOL, JSM-7800F) employing an accelerating voltage of 15 kV, and Pt coating was processed prior to analysis. Optical microscopy (Olympus BX51) was used to obtain optical images of the MOF-blended polymer lm. The wettability of the hybrid lm surface was obtained using a contact angle meter (SEO 300A, SEO Co.). The elemental analysis was obtained using an energy dispersive spectrometer equipped with a JEOL, JSM-7800F employing an accelerating voltage of 15 kV. X-ray photoelectron spectroscopy spectra were used to investigate the HKUST-1 distribution in a hybrid lm using monochromatic Al Ka X-ray source in a PHI 5000 Versa Probe II. The depth prole was obtained by a sequence of Ar ion gun etch and measurement and the binding energies were calibrated to the C 1s peak at 284.5 eV. A short etching process was performed to eliminate contamination from the sample surface. The etching process was performed in 1 minute intervals, and XPS data were collected at each depth to obtain the depth proles of the lms. Flipped samples were prepared by detaching thin lms from the substrates by using epoxy adhesive. Epoxy adhesive was placed on the thin lm and cured for 30 min. Aer keeping under vacuum at room temperature for 12 h, samples were annealed at 60 C for longer than 12 h under vacuum. Thin lm attached with epoxy adhesive was separated from the substrate by soaking into the liquid nitrogen. UV-Vis adsorption spectra were acquired by using a UV-Vis spectrophotometer Thermo Scientic, Genesys 10S spectrometer). Ellipsometer ((J. A. Woollam Co. Inc) was used to determine the thickness of the lm. The electrical performances of the eld-effect transistors were estimated using a semiconductor analyzer (Keithley 4200-SCS) at room temperature (23) (24) (25) C). Gas sensing properties were measured using a gas chamber (M5VC, MS TECH) and a Keithley 4200-SCS at room temperature. Gas mixtures of wet N 2 and dry were introduced into the gas chamber. The composition of gas mixtures was tuned by mass ow controller and the relative humidity were measured by a hygrometer (Testo) which has AE0.1% of accuracy. The eld-effect mobility (m) and threshold voltage (V T ) were obtained in the saturation regime according to the equation
where I D is the drain-current, V G is the gate source voltage and C i is the gate dielectric capacitance (10.8 nF cm À2 ).
Results and discussion
HKUST-1 crystals with 0.9-1.4 mm were successfully synthesized and were characterized, as shown in Fig. S1 , † and the HKUST-1/ P3HT hybrid lm was conrmed to feature uorescent HKUST-1 crystals, as evidenced using polarized light microscopy images, shown in Fig. S2 . † 32,33 HKUST-1 crystals were embedded in 70-90 nm thick of P3HT lm and spaced several tens of micrometers apart. Fig. 2 shows the transfer characteristics of a HKUST-1/P3HT hybrid thin lm at a xed drain voltage, V D ¼ À60 V and a relative humidity of 0% to 30% at room temperature. Various amounts of HKUST-1 (0, 1, 2, 3, or 5 mg) were added to the P3HT solution (10 mg mL À1 ), and HKUST-1/P3HT
lms were fabricated to investigate the electrical current change. As the relative humidity increased, the overall drain current level increased and the threshold voltage shied toward positive values in all OTFT devices. As the relative humidity returned to 0%, the transfer characteristics returned to their initial curve. In a pristine P3HT lm, the drain current level at V G ¼ 25 V increased slightly, and the threshold voltage shied below 5 V in the positive direction as the relative humidity changed from 0% to 30% (see Fig. 2a ). The on-current level and the eld-effect mobility decreased as the amount of HKUST-1 increased because the non-conducting properties of HKUST-1 deteriorated the charge carrier transport. The electrical conductivity in the pristine P3HT lm measured by 2-point probe was 3.23 Â 10 À3 S cm À1 but the electrical conductivity value in the 2 mg mL À1 HKUST-1 blended P3HT lm decreased to 7.53 Â 10 À4 S cm À1 . The drain current level (I 30 /I 0 ) and the threshold voltage (DV th ) varied sensitively as the humidity changed between 0 and 30% in the HKUST-1/P3HT hybrid lm.
In the P3HT lm prepared with 3 mg mL À1 HKUST-1, I 30 /I 0 at V G ¼ 25 V varied by a factor of 80 and the threshold voltage shied by 40 V, which is a surprisingly large value compared with the value obtained from the pristine P3HT thin lms (see Fig. 2a-e) . The values of I 30 /I 0 , DV th , and the eld-effect mobility are listed for all fabricated devices in Table 1 . MOFs have an outstanding surface area and gas adsorption properties, and they attract numerous numbers of water molecules in the active layer, resulting in signicant changes in the electrical properties, even in devices with low HKUST-1 contents. The sensitivity of the HKUST-1/P3HT lm increased as the HKUST-1 content increased, but decreased above 3 mg mL À1 HKUST-1 in the blended lm (Fig. 2f) . Quantities of HKUST-1 beyond 3 mg mL À1 displayed HKUST-1 agglomeration, as shown in Fig. S3 . †
HKUST-1 agglomeration reduces the available surface area and the number of analytes that can be detected, thereby diminishing the sensitivity of the device. Unlike most of the polymerbased humidity sensors which provide moderate device sensitivity at high relative humidity level, HKUST-1/P3HT blended lm show outstanding device sensitivity at environmental condition. [34] [35] [36] The response of HKUST-1/P3HT hybrid lm at a wide-range of relative humidity is shown in Fig. S4 . † As the relative humidity increases, the variation of the electrical current increased, but the variation slope to the relative humidity at over 30% decreased. Therefore, in this study, our researches focus on the device test at a relative humidity of 0% to 30%.
The substrate surface energy was modied to control the HKUST-1 distribution in the P3HT lm and the lm's electrical properties. To this end, the substrate surface was treated with self-assembled monolayers comprising a hexamethyldisilazane (HMDS) and octadecyltrichlorosilane (ODTS) coupling agent. For comparison, a SiO 2 /Si substrate was cleaned with piranha solution (denoted OH). The HKUST-1 concentration in the polymer solution was 2 mg mL
À1
. The transfer characteristics of a HKUST-1/P3HT lm spin-coated onto three different substrates were measured as the relative humidity increased from 0 to 30%, aer which the relative humidity was decreased to 0%. In all devices, the drain current and threshold voltage increased as the relative humidity level increased, as shown in Fig. 3a .
In the hydrophilic OH substrate, the drain current at V Table 2 ). The HMDS-treated substrate displayed intermediate values of 2.5 Â 10 À8 A and 22 V.
The transfer characteristics varied as a function of the relative humidity due to the generation and attraction of holes derived from the presence of water molecules in the HKUST-1 active layer. Contact between the oxidizing molecules, including H 2 O, and the p-type semiconductor led to a doping process, 37 and contact between H 2 O molecules and P3HT generated holes in the semiconducting layer. In this study, the charge carrier concentration in the semiconducting layer was enhanced and the turn-on voltages of the devices shied toward positive values as the relative humidity increased. A positive turn-on voltage from a p-type transistor indicates hole doping. At a high negative gate voltage, the drain current increased to a small degree due to the inuence of the high eld effect induced by the high gate voltage. The H 2 O molecules caused incomplete depletion in the OTFTs.
In a p-type organic semiconductor operated at a positive gate voltage (V G > 0), the hole carriers are pushed out from the interface between the dielectric layer and the semiconducting layer. In other words, only a low concentration of mobile holes is present in the channel region (the main charge carrier pathway), thereby forming a depletion mode in OTFTs. In the depletion mode, OTFTs display a very low current level, and the threshold voltage is close to 0 V; however, in the HKUST-1/P3HT hybrid lm, the hole carriers were not completely depleted due to the presence of H 2 O molecules in the MOFs. The large dipole moment of H 2 O (1.94 D) trapped holes in the vicinity of the active layer and prevented the number of mobile charge carriers in the active layer from decreasing signicantly. The enrichment of charge carriers at the interface between the dielectric and semiconducting layer increased the drain current at a high positive gate voltage and shied the threshold voltage toward positive values. 38, 39 Consequently, the large dipole moment of H 2 O acted as a doping process to create imperfect depletion in the device, thereby changing the hole carrier density in the channel region.
The transfer characteristics of the OH and ODTS substrates differed due to the positions of the MOFs embedded in the polymer lm (see Fig. 3b ). In a hydrophilic substrate, such as 40 We modied the open coordination site of HKUST-1 by lling it with H 2 O molecules, and the surface energy of the modied HKUST-1 was expected to increase. The surface energy of P3HT is known to be 19.90 mJ m À2 , relatively hydrophobic compared to the surface energy of HKUST-1. 41 We observed a decrease in the water contact angles of the hybrid lms as the HKUST-1 content increased due to the high surface energy of HKUST-1 (see Fig. S5 †) . In the hydrophilic substrate, HKUST-1 molecules were embedded near the interface between the dielectric layer and the semiconducting layer; that is, water molecules were located near the interface. Because the dielectric/semiconducting interface is a channel region that facilitates charge carrier transport, this effect enhanced the charge carrier concentration. Especially in the depletion mode, water molecules in the channel region stabilized the hole carriers by a factor of 80.9, with a high off-state current, and the threshold voltage shi was large (DV th ¼ 60 V). On the other hand, in the hydrophobic substrate, HKUST-1 molecules were located away from the dielectric-semiconducting interface. Only a few water molecules were located in the channel region. This feature did not signicantly affect the drain current or the threshold voltage shi (DV th ¼ 11 V). Modications to the hydrophilicity/hydrophobicity of the substrate can control the number of MOFs present in the charge carrier pathway, and this is useful for improving the sensing properties using a small amount of MOFs. Fig. 4a shows an energy dispersive spectrometer (EDS) mapping image of a hybrid lm. A Cu element with a violet color was observed to be more abundant at the thin lm as the hydrophilicity of the substrate increased. Cu is present in the structure of HKUST-1, and a violet color indicates the presence of HKUST-1. The point EDS data presented in Fig. S6 † shows that C, O, Cu, and S elements were present. S and Cu indicated the presence of P3HT and HKUST-1, respectively. The weight percent (atomic percent) of Cu on the OH substrate was 0.28% AE 0.15 (0.06%), whereas it was 0.23% AE 0.1 (0.05%) on the HMDS substrate and 0.20% AE 0.08 (0.04%) on the ODTS substrate. To explain the different amount of HKUST-1 in three substrates, the thickness values of the spin-coated hybrid lms were determined by Lambert's law from UV-Vis spectra and ellipsometer (see Fig. S7 †) . Although the same concentration of the solution (2 mg mL À1 HKUST-1 to 10 mg mL À1 of P3HT solution) was coated onto the three different substrates, thickness of the hybrid lm decreased with increasing hydrophobicity of the substrate: 92 nm on OH, 86 nm on HMDS, 76 nm on ODTS substrate. The hydrophobic substrate pushed out the solution during the spinning process, which results in the decrease of the P3HT lm thickness and amount of HKUST-1. X-ray photoelectron spectroscopy (XPS) was used to investigate the compositional gradient of HKUST-1 in the P3HT lms as a function of the lm depth.
42 Fig. 4b compares the compositions of HKUST-1 in the P3HT lms near a buried interface, using XPS measurements. HKUST-1/P3HT hybrid lms were ipped over by detaching the lm from each substrate using epoxy adhesive, which results in an atomic analysis on the bottom region of the lm. Hybrid lms delaminated from three different substrates were sputtered using an Ar ion gun to eliminate the lm. 43 As the lm was etched for 1 min, the thickness of the lm decreased by about 15 nm. The Cu signal, which corresponded to HKUST-1, was collected at each thickness and is shown in Fig. 4b . 44, 45 The HKUST-1/P3HT lm coated onto a OH substrate revealed a Cu signal with a high value, whereas the lm coated on HMDS or ODTS substrates revealed a Cu signal with a very small value near the buried interface. These results conrmed that the surface energy strongly induced vertical phase separation between HKUST-1 and P3HT during the coating process. The hybrid lm coated onto an ODTS substrate displayed a negligible Cu peak at the bottom region near the substrate. Fig. 4c shows a schematic diagram of a hybrid lm on the different substrates. The polarity of the hydrophilic substrate attracted polar materials, whereas repulsive forces worked on the non-polar (hydrophobic) materials. 46, 47 The hydrophilic HKUST-1 on the OH substrate preferred locations close to the buried interface, unlike the ODTS substrate, in which HKUST-1 was embedded far from the substrate due to repulsion with the hydrophobic ODTS. The result show that the physical properties of the substrate relocated HKUST-1 within the polymer lm and affected the electrical characteristics of the OTFT-based sensor. Although the content of MOFs was not totally same on the three modied substrates, XPS data shows that the amount of HKUST-1 in the bottom region on OH substrate was more abundant than that of ODTS substrate, which result in the charge carrier enhancement in the channel region.
Finally, the gas sensing properties of the HKUST-1/P3HT hybrid lm coated onto an HMDS substrate were measured, as shown in Fig. 5 . The transfer characteristics were measured as the humidity levels was adjusted cyclically between 0% and 30%. During the measurements collected at high and low humidity levels, the sensors displayed reliable performances with good agreement in both the current level and the turn-on voltage (see Fig. 5a ). The current level at V G ¼ 25 V was extracted from the transfer curve shown in Fig. 5b . The humidity level underwent 50 cycles with very little variation in the device response, indicating stable transfer characteristics. The sensing dynamics, shown in Fig. 5c , were measured at V G ¼ 25 V and V D ¼ À60 V, and the humidity was cycled between 0% and 30%. The sensor responded very rapidly to the sensor, with a 0.23 s response time and a 2.91 s recovery time (see Fig. 5d ). The sensor provided a tenfold slower recovery time compared to the response time due to the slow desorption of water molecules from the MOFs. However, the recovery time is still fast compare to most other OTFT based gas sensors which require hundreds of second to recover. 7, 18, 48, 49 This study shows that the MOF/polymer hybrid lm achieved excellent sensing abilities in terms of sensitivity and stability compared to conventional polymer-based lms due to the outstanding gas adsorption properties of MOFs.
Conclusions
A hybrid lm consisting of a conjugated polymer (P3HT), along with MOFs (HKUST-1) was fabricated for use in stable OTFT-based gas sensors. An organic/inorganic hybrid material with a high surface area and gas adsorbing properties was introduced into the conjugated polymer, and target gas was effectively attracted to the active layer on the OTFT, signi-cantly altering the transfer characteristics. Water molecules were attracted to the hybrid active layer, leading to a doping process and creating an imperfect depletion mode in the device. Water doping enriched the channel region with hole carriers, increased the drain current, and shied the threshold voltage. The physical characteristics of each material and the chemical modications to the substrate permitted control over vertical phase separation, thereby improving the sensitivity of the gas sensor. These results suggested that the organic/ inorganic hybrid materials may be useful in sensitive, ex-ible, lightweight and selective polymeric gas sensors applicable to a variety of gases beyond water.
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